The assembly of chloroplast metalloproteins requires biochemical catalysis. Assembly factors involved in the biosynthesis of metalloproteins might be required to synthesize, chaperone, or transport the cofactor; modify or chaperone the apoprotein; or catalyze cofactor-protein association. Genetic and biochemical approaches have been applied to the study of the assembly of chloroplast ironsulfur centers, cytochromes, plastocyanin, and the manganese center of photosystem II. These have led to the discovery of NifS-homologues and cysteine desulfhydrase for iron-sulfur center assembly, six loci (CCS1-CCS5, ccsA) for c-type cytochrome assembly, four loci for cytochrome b 6 assembly (CCB1-CCB4), the CtpA protease, which is involved in pre-D1 processing, and the PCY2 locus, which is involved in holoplastocyanin accumulation. New assembly factors are likely to be discovered via the study of assembly-defective mutants of Arabidopsis, cyanobacteria, Chlamydomonas, maize, and via the functional analysis of candidate cofactor metabolizing components identified in the genome databases.
INTRODUCTION
Plastids contain many diverse metalloproteins that function in metabolic pathways (e.g. fatty acid desaturase, acetyl-CoA carboxylase, choline monooxygenase), electron transfer reactions (e.g. cytochromes, iron-sulfur proteins), metabolic regulation (e.g. ferredoxin, metalloproteases), or metal storage (e.g. ferritin) ( Table 1 ). Metalloproteins as a class are generally well studied and were among the first proteins to be purified and characterized, perhaps because the spectroscopic properties of the metal center could be exploited for purification, structural analysis, or mechanistic studies of function. Today, a topical area of research on metalloproteins concerns the mechanics of assembly of these proteins in vivo. The present emphasis is on deducing the biochemical mechanism of metallocluster assembly and cofactor-protein ligation, and on understanding the cell biology of cofactor and apoprotein metabolism in the context of compartmentalized assembly.
Metalloproteins and Metal Binding Sites
Metalloproteins are found in a variety of flavors. In this review, they are divided into three categories: those in which the metal cofactor(s) is coordinated only by residues from the protein (e.g. carbonic anhydrase, plastocyanin; Table 1A) , those in which the metal ion is associated with other inorganic ions in a stable "cluster" that, in turn, is bound to specific functional groups in the protein through the metal (e.g. ferredoxin, F X of PSI; Table 1B) , and those containing a stable (tetrapyrrole)-chelated metal center (e.g. cytochromes, chlorophyll proteins; Table 1C ). Regardless of the category, each metal cofactor binding site is defined by functional groups, generally amino acid side chains, which serve as ligands to the metal. In some cases, the functional group can be generated by posttranslational modification of an amino acid-as occurs during the biosynthesis of urease where the nickel binding ligand is generated by CO 2 -dependent modification of a lysine residue (54, 86) , or during the activation of clotting factors where a Glu residue is carboxylated to generate a bidentate ligand for phospholipid bound Ca 2+ (108) . Metals (Lewis acids) bind to these functional groups (Lewis bases) according to preferences determined by the "hard-soft" theory of acids and bases, which states that hard acids bind to hard bases and soft acids to soft bases ( . In some metalloproteins, such as the cytochromes, the metal cofactor is an essential determinant of the structure (27, 105) , while in others, such as plastocyanin and carbonic anhydrase, the metal binding site is preformed in the apoprotein (11, 33) ; regardless, the holoprotein is generally more thermodynamically stable than the apoprotein. The difference in stability or structure between apo-and holoforms of some metalloproteins has been exploited in studies of metalloprotein assembly (see below). With the exception of the FeS-dependent regulatory proteins where reversible cluster formation in vivo is key to function (10, 45, 94) , cofactor-protein assembly in vivo is considered unidirectional. Even if the cofactor and polypeptide are associated through noncovalent interactions, the resulting complex can be so stable that the association is practically irreversible under physiological conditions. In other cases, the cofactor is solvent inaccessible within a tightly folded structure so that there is a kinetic barrier to cofactor dissociation. For some metalloproteins, incorporation of the metal is coupled with changes in the redox state of the metal or apoprotein, which serves to "trap" the metal within the complex, as exemplified by copper binding to laccase, iron incorporation into ferritin, or assembly of the manganese center of PSII (reviewed in 20, 42, 116) .
Although knowledge of the structure of the metal center and the nature of its association with the protein allows certain inferences to be drawn regarding the chemistry essential for assembly, the complexity of the in vivo mechanisms is just beginning to be appreciated. This review focuses on the assembly of metalloproteins in chloroplasts, the most abundant and well-characterized of which are those that function in photosynthesis. The contributions from the cyanobacterial model systems are included, since they are immediately relevant to chloroplast processes, but contributions from other model systems are not discussed in detail except for the purpose of illustration and comparison. Informative discussions of specific pathways of metalloprotein assembly may be found in the following articles (40, 42, 58, 75, 118) . Although the chlorophyll proteins are the most abundant cofactor-containing proteins in the chloroplast, a discussion of chlorophyll protein assembly is excluded from this work. The interested reader is referred to recent reviews of this special topic (77, 87) .
Cell Biology of Metalloprotein Assembly in the Chloroplast
A nucleus-encoded chloroplast protein is synthesized outside the chloroplast, generally (although not always) as a higher molecular weight precursor, which is imported into the organelle after translation (reviewed in 99). The imported protein is processed to its mature form within the plastid, sorted to its final destination (envelope or thylakoid membranes, stroma, intermembrane space, or lumen) via specific sorting mechanisms, and (if it is a subunit of a multicomponent complex) assembled with other proteins or cofactors into a functional complex. Some of these postimport steps are required also for the biosynthesis of organelle-encoded proteins.
The determination of the temporal sequence of each of the above posttranslational events is key to defining the substrate for metalloprotein assembly in vivo and the suborganellar site of assembly. For ferredoxin, plastocyanin, cytochromes c 6 and f, and the PSII Mn cluster, association of the apoprotein with the cofactor is a near-terminal event in the biosynthetic pathway, occurring in the same compartment in which the mature protein functions with the processed polypeptide serving as the substrate for assembly (21, 43, 51, 66, 67, 111) . This tends to be the case in other biological systems as well-exemplified by heme insertion into c-type cytochromes in the bacterial periplasm or mitochondrial intermembrane space (37, 83, 118) , periplasmic insertion of copper into nitrous oxide reductase (136) , and postsecretion insertion of copper into melanin (15) . Late assembly of the metalloprotein in the same compartment in which it functions can be rationalized on the basis that protein translocation across membranes requires partial unfolding of the polypeptide. Not only might unfolding be incompatible with maintenance of the (often noncovalent) cofactor-protein association, but the increased stability of the folded metalloprotein relative to the apoprotein could conceivably inhibit translocation. Nevertheless, it should be noted that while some posttranslational modifications involving organic cofactors (e.g. flavinylation, pantothenylation) also tend to occur in the organelle after import in vivo (e.g. 26, 92), these modifications do not seem to affect import in vitro (e.g. 102, 115, 130) .
Since the same type of metallocenter (e.g. FeS center) is found in different compartments within the plastid (Table 1B) , it is possible that distinct "assembly factors" are required in each compartment-particularly if cofactor insertion occurs after intraorganellar sorting. The determination of the substrate specificity and suborganellar location of candidate assembly factors is, therefore, relevant to an understanding of its function in vivo (see discussion of NifS homologues).
Many thylakoid membrane metalloproteins are found in multisubunit complexes. In fact, in some cases the metal binding site is created by ligands provided by two different subunits-as in the F X binding site in PSI or the heme binding site of cytochrome b 559 (Table 1B, line 19 ; 1C, line 28). In these cases, assembly of PsaA-PsaB or the α and β subunits of cyt b 559 must be intimately coordinated with assembly of the F X center into PSI or the heme(s) into PSII, respectively, which makes it difficult to resolve apoprotein-cofactor assembly from the process of subunit association. This difficulty can prevent specific functional assignment to genetically defined assembly factors in the absence of biochemical assays for cofactor insertion (see below).
Biochemistry of Metalloprotein Assembly
For metalloproteins like plastocyanin (Table 1A) where the metal cofactor is simply coordinated by residues provided by the polypeptide, the holoprotein can often be formed in vitro without catalysis (43, 65, 67, 113) . However, the reaction is slow in vitro and does not display the metal selectivity noted in vivo. Indeed, when the related blue copper protein azurin was expressed in Escherichia coli, a significant fraction of the expressed protein contained bound zinc at the copper site (78) . Selective insertion of a metal ion, present normally in trace amounts, in the presence of much higher concentrations of other ions is a key feature of metalloprotein biosynthesis in vivo. This may be accomplished by concentration of the cofactor in the compartment in which assembly occurs or by delivery of the metal ion to the assembly factor via a "metal chaperone" (14, 62, 70, 136) . Thus, an appreciation of trace metal metabolism and its regulation is integral to the study of metalloprotein biosynthesis.
For metalloproteins containing inorganic clusters (Table 1B) , the substrates required for cluster synthesis (e.g. sulfur and ferrous ion for the formation of FeS centers) must be generated in vivo by mobilization/reduction of stored iron and enzymatic desulfurylation of cysteine (19, 28, 134) . Assembly of the cluster can require the function of a scaffold protein as for the FeMo cofactor of nitrogenase, which is preassembled on a scaffold consisting of the nifE and nifN gene products, and transferred after assembly to the active site of the enzyme (reviewed in 19) . When the cofactor is covalently associated with the polypeptide as in the c-type cytochromes (Table 1C) , enzymes are required for formation of the linkages (114) . The importance of biological catalysis of this type of reaction is underscored by the observation that uncatalyzed chromophore attachment to cysteinyl residues of the phycobilins occurs without discrimination for the chemical identity of the bilin, whereas the in vivo reactions show strict specificity for the chromophore (25) . Maintenance or protection of the cofactor-binding cysteinyl residues in the apoproteins requires thiol reductants in vitro (64, 65) , and can be mediated by thioredoxin-like proteins or protein dithiol-disulfide oxidoreductases in vivo. Indeed, a family of such proteins is required for c-type cytochrome synthesis in the bacterial periplasm (8, 18, 96, 125) . Alternatively, this function could be provided by chaperones. Chaperone activity may also be necessary for presentation of the apoprotein substrate so that only the cofactor-binding ligands are presented for interaction with the cofactor. Other biochemical activities necessary for metalloprotein biosynthesis include modification of the polypeptide prior to or concomitant with metal insertion, such as introduction of a metal-binding carbamate at the Rubisco active site (41).
For metalloproteins like the cytochromes (Table 1C) , the cofactor is usually synthesized in one compartment in the cell and must be transported to other compartments for assembly with various apoproteins. This might require the function of specific transporters and also, perhaps, carrier proteins or cofactor chaperones (analogous to the metal chaperones mentioned above) to deliver the cofactor to the apocytochrome. The "carrier" protein that binds the molybdocofactor and delivers it to aponitrate reductase would be an example of such a cofactor chaperone (2) . Finally, the cofactor may need to be processed (e.g. by reduction) before it is a suitable substrate (80) .
Some of the assembly factors discussed above might be required specifically for the assembly of a single metalloprotein in a particular compartment, and distinct isozymes may function in different compartments, whereas others may be more general factors required for the synthesis of all members of a particular class of metalloprotein. In most cases, the assembly factor is expected to be several orders of magnitude less abundant in a mature cell than its cognate metalloprotein product (see below).
EXPERIMENTAL APPROACHES

In Vitro Studies
The types of questions that can be addressed by the application of biochemical methods include definition of the apoprotein substrates for assembly-e.g. proteolytically processed vs precursor proteins (43, 51, 67), definition of the substrates for cofactor synthesis-e.g. the source of "acid labile S" in the FeS centers (111) , and definition of the compartment in which assembly occurs (51, 67, 111). Naturally, the best-studied systems are those where the holoprotein can be distinguished readily from the apoprotein; for example, on the basis of a spectroscopic signal, enzyme activity or a significant conformational or other structural change. The use of nondenaturing gel electrophoresis to separate apo-from holo-forms of various proteins is a common tool for the study of metalloprotein biosynthesis (64, 66, 67, 111) , whereas spectroscopy and measurement of catalytic activity have been exploited primarily for the study of iron-sulfur center assembly (28, 48, 71, 131, 132 ; M Antonkine, F Yang, S Parkin, MP Scott, JM Bollinger Jr & JH Golbeck, manuscript in preparation), and separation by denaturing gel electrophoresis or HPLC has been used only for proteins that carry covalently attached cofactors (49, 79, 83) . The experimental strategy used to deduce the pathway of metalloprotein maturation involves monitoring the fate of radiolabeled precursors either in vivo or in organello. Once the pathway is elaborated and the substrates for cofactorprotein association are deduced, the door is open to the establishment of in vitro assays for cofactor insertion, which is a prerequisite for the purification of assembly factors.
Isolation of Mutants
Classical genetic approaches have been extraordinarily useful in defining transacting assembly factors required for c-type cytochrome formation in bacteria, mitochondria, and chloroplasts (reviewed by 37, 50, 58, 118), molybdocofactor biosynthesis in prokaryotes and eukaryotes (32, 90, 106, 119) , cytochrome oxidase assembly in Saccharomyces cerevisiae (40), and nitrogenase assembly (19) . These factors were defined originally on the basis of mutations that affected the accumulation of functional forms of specific enzymes but did not affect the expression of structural genes nor synthesis and processing of the apoprotein. In some cases, the apoproteins accumulated in the mutant strains and the function of the trans-acting loci were deduced readily (19, 75, 83, 136) . In other cases, the phenotype could be suppressed by feeding the mutant with an excess of the cofactor (6, 35, 70, 124) , which suggested a defect in cofactor transport or delivery. Biochemical activities for some of the cloned candidate assembly factors have been proposed on the basis of conserved sequence motifs; included among these assembly factors are candidate transporter components (6, 9, 91, 136) , thiol metabolizing proteins (8, 69) , enzymes involved in cofactor biosynthesis (123) , and metal-metabolizing proteins (30, 62) . The present emphasis is on demonstrating that the gene products exhibit these activities in vitro and on discerning the relevance of the activity to the assembly process in vivo.
For many of the metalloproteins in the photosynthetic complexes, a fundamental problem is the definition of the phenotype of a cofactor insertion mutant, which makes it difficult to screen specifically for an assembly defect of interest. For instance, loss of heme binding to cyt b 559 results in the destabilization of the entire PSII complex in Synechocystis sp. 6803 (85) . Likewise, ccs strains of Chlamydomonas (see below) that are defective in heme attachment to cyt f lack the entire cytochrome b 6 /f complex (49). Thus, a cyt b 559 assembly mutant exhibits the same general PSII-minus phenotype as a mutant with a defect in some other aspect of PSII assembly, for example, subunit-subunit associations in the reaction center. And a c-heme attachment mutant with a defect in cyt f assembly exhibits the same general cytochrome b 6 /f-minus phenotype as a b-heme insertion mutant (34). Similarly, loss of the F A and F B FeS centers of PsaC results in a pleiotropic deficiency in several subunits of the PSI complex (84, 131) , while loss of the F X center prevents assembly of PsaA and PsaB, and hence the entire PSI complex (128; reviewed in 16). The same phenomenon prevented specific assignment of functions to many loci defined by respiratory mutants of S. cerevisiae whose phenotypes indicated defective assembly of particular multisubunit complexes, but tentative functional roles for the affected genes are now being proposed by recognition of conserved sequence motifs as the wild-type alleles are cloned (reviewed in 40, 89, 122) .
Given the complexity of each of the photosynthetic complexes, the task of refining the assembly-defective phenotypes to resolve distinct categories of defects at the biochemical level appears daunting. Nevertheless, this has been possible occasionally. For instance, c-heme attachment mutants in Chlamydomonas were defined on the basis of a pleiotropic c-type cytochrome deficiency (49). Recently, b-heme insertion mutants were recognized on the basis of a unique phenotype exhibited by strains carrying site-directed changes at the b-heme binding ligands of apocyt b 6 , and this was exploited to define a pathway for the assembly of hemes into chloroplast cyt b 6 and to identify four nuclear loci required for this process (see below).
There are a number of Arabidopsis, Chlamydomonas, maize and cyanobacterial mutants that are defective in the accumulation of specific plastid complexes. Some of these are categorized as assembly defective (5, 7, 74, 121, 126) because expression of the polypeptide components of the affected complex(es) is normal. While some of the mutants are known to define general assembly factors (e.g. 107), a subset of them might be defective in plastid metalloprotein assembly or metallocofactor metabolism. The recognition of defects in this category is straightforward when apoproteins accumulate (reviewed in 19, 63, 75, 83) . Unfortunately, this is often not the case in the chloroplast, particularly in Chlamydomonas chloroplasts where unassembled or misassembled proteins are degraded rapidly (55, 73, 98 ; reviewed in 1, 93). In these instances, it might be possible to classify such mutants on the basis of pleiotropic deficiencies in proteins with common cofactors (e.g. 32). For instance, iron-sulfur center assembly mutants might display deficiencies in more than one ironsulfur protein, or a b-heme insertion mutant could be deficient in both PSII and cytochrome b 6 /f function. Ultimately, more detailed characterization of the phenotype of assembly mutants, particularly in the context of biochemical studies of metalloprotein assembly, should result in the recognition of cofactor processing defects.
Molecular Genetics
The functional relationship between pathways in the chloroplast and analogous ones in other organisms can be exploited in order to identify chloroplast homologues of well-characterized metal metabolizing factors in other systems. One method relies on complementation of appropriate S. cerevisiae or E. coli mutants. This approach is used widely and has led to the identification of plant genes corresponding to molybocofactor synthesis components and also to various metal transporters (24, 47, 56, 104) . In principle, this method could be extended also to the isolation of intracellular and/or intraorganellar metal transporters and specific chloroplast metalloprotein assembly factors. Candidate homologues can be identified also on the basis of sequence relationships. This method, whose usefulness is increasing daily as the genome databases grow, is effective-and accordingly, quite popular. A few examples of candidate chloroplast cofactor metabolizing components identified via the databases include CutA, a putative chloroplast-targeted copper transporter in the Arabidopsis dbEST; NifS, a sulfur-mobilizing enzyme required for iron-sulfur center assembly identified in the Arabidopsis dbEST and the Synechocystis sp. 6803 genome (M Antonkine, F Yang, S Parkin, MP Scott, JM Bollinger Jr & JH Golbeck, manuscript in preparation); and several cytochrome assembly components (129b). In some cases (e.g. NifS homologues), the sequence relationship can be quite high, while for other candidate homologues (e.g. CcsA), the prediction of function was made on the basis of only a conserved sequence motif (9) . Regardless, the function of the candidate homologues must be demonstratedeither by reverse genetic approaches, where loss of function results in a specific metabolic defect, or by demonstration of a specific biochemical activity for the expressed gene product.
ASSEMBLY OF SPECIFIC CHLOROPLAST PROTEINS
Iron-Sulfur Centers in PSI and Ferredoxin
One of the first examples of reconstitution of a metalloprotein was the in vitro chemical synthesis of holoferredoxin from ferrous ion, inorganic sulfide, and apoferredoxin in the presence of thiol reducing reagents (71) . Variations of this procedure have been used to reconstitute FeS centers into other plastid proteins like the Fe 4 S 4 centers, F A and F B , of PsaC (72) and the Fe 2 S 2 Rieske center (48). The ability to reconstitute metalloproteins in vitro is of great practical value because it facilitates functional analysis of the metal center by site-directed mutagenesis of metal-binding ligands. This approach, applied to PsaC, allowed Golbeck and coworkers to assign specific cysteine residues to the F A vs the F B center of PsaC and to undertake functional analysis of reconstituted Fe 3 S 4 clusters or mixed ligand Fe 4 S 4 clusters (reviewed by 16).
While the facility with which FeS centers can be reassembled in vitro had led some to wonder whether the process might occur without catalysis in vivo, it is clear today that formation of holo-FeS proteins in vivo does require specific enzyme-catalyzed steps (discussed in 28, 29) . The in vitro reaction is performed under nonphysiological conditions and requires concentrations of Fe 2+ and sulfide at much higher levels than are known to occur in cells. In addition, the rate of uncatalyzed metallocenter formation is not sufficient to keep up with biosynthetic demands. Plastids contain a variety of FeS-proteins (Table 1B,  lines [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , some of which are rather abundant-like ferredoxin. Formation of holoferredoxin occurs in the chloroplast stroma after import and processing of the preprotein (67, 88, 109, 111) , and this is probably the case for the other FeS proteins as well (although their biosyntheses have not been studied in this context). Many of the other abundant FeS centers, like F X , F A , and F B , are plastid-encoded, and their assembly must occur in the organelle. Therefore, the substrates (Fe 2+ and sulfur) for FeS cluster formation have to be generated in the plastid at an appreciable rate to support the biosynthesis of the various FeS proteins.
Studies of holoferredoxin synthesis in organello identified cysteine as the source of "acid-labile" sulfur in the ferredoxin FeS cluster (111) and established also that assembly of the cluster in extracts from lysed chloroplasts required ATP hydrolysis and NADPH (110, 112) . NADPH (but not NADH) was required for generation of inorganic sulfur from cysteine, whereas ATP hydrolysis was required subsequently at the step of cluster formation or cluster incorporation into apoferredoxin. The enzymes required for these processes were noted to be soluble and localized in the stroma (110) and are active in etioplasts as well as chloroplasts (109) . The observed ATP and NADPH requirement could not be attributed to iron mobilization processes (110) .
In the meantime, studies of various nif mutants of Azotobacter vinelandii suggested that the nifS gene product was required in trans for formation of the Fe 4 S 4 cluster of the iron protein of nitrogenase (reviewed in 19) . NifS is a pyridoxal phosphate containing enzyme that catalyzes the desulfurization of L-cysteine to form L-alanine and S 0 via a NifS-bound persulfide (133, 134) , and the formation of the holo Fe protein from L-cysteine, Fe 2+ and apo Fe protein in most presence of a reductant (132 NifS homologues are found in the genomes of many bacteria including nondiazotrophs, and it was hypothesized that these homologues might be involved in the biosynthesis of iron-sulfur proteins in these organisms (e.g. 29) . Indeed, a NifS homologue was purified from E. coli extracts on the basis of its ability to reconstitute an FeS center into dihydroxyacid dehydratase (28) . Mechanistic studies of the A. vinelandii and E. coli NifS enzymes indicate that the cysteinyl sulfur is transferred to an active-site sulfhydryl on NifS yielding a cysteine-persulfide. A carrier protein is proposed to transfer S 0 from NifS to the apoprotein where it is "stored" for FeS cluster formation (Scheme 1). The Synechocystis sp. 6803 genome (57) contains three NifS homologues (sll0704, slr007, slr0387). Two of these have been expressed in E. coli, purified and demonstrated to catalyze the reconstitution of Fe 4 S 4 centers into apo-PsaC in vitro and also into a synthetic peptide corresponding to the F X site of PSI (M Antonkine, F Yang, S Parkin, MP Scott, JM Bollinger Jr & JH Golbeck, manuscript in preparation). Thus, the biochemical activity of the NifS homologues is consistent with a function in sulfur mobilization; however, genetic evidence for a specific function in the assembly of a particular subset of iron-sulfur proteins is being sought presently. A number of enzymes can generate sulfide or elemental sulfur from organic or inorganic compounds, including O-acetylserine sulfhydrylase, β-cystathionase, and rhodanese, and these function also as catalysts of FeS center formation in vitro, but their relevance to FeS cluster synthesis in vivo is doubtful (13, 29) . Definitive demonstration of a physiological role for candidate FeS center assembly proteins in FeS center formation in vivo is, therefore, critical.
Recently, a distinct cysteine-desulfyhdrase activity (C-DES) was purified from Synechocystis PCC 6714 on the basis of its ability to catalyze the reconstitution of holoferredoxin from apoferredoxin, cysteine, and Fe 2+ in the presence of a thiol reductant (glutathione) and under anaerobic conditions (64) . Cysteinyl sulfur is quantitatively assembled into the Fe 2 S 2 cluster of holoferredoxin by C-DES. Like NifS, C-DES is a pyridoxal phosphate containing enzyme, and like NifS, the presence of the apoprotein is not required for removal of sulfur from cysteine. But unlike the NifS-catalyzed reaction, the product of the C-DES catalyzed reaction is pyruvate and ammonia rather than alanine. In addition, C-DES can catalyze sulfur elimination from cystine as well as cysteine. Based on the abundance of the protein (1:150 stoichiometry relative to ferredoxin), its ability to catalyze quantitative transfer of cysteinyl sulfur to ferredoxin (via a cysteine persulfide), and its turnover number in vitro, Leibrecht & Kessler (64) suggest that C-DES might be the physiological equivalent of NifS for ferredoxin formation in cyanobacteria and, by extension, chloroplasts. Nevertheless, this needs to be demonstrated genetically.
Flint (28) noted that the purified E. coli NifS homologue is not as active in reconstituting the FeS center of dihydroxyacid dehydratase as is the crude extract from which it was purified. On this basis he suggests, as do Zheng & Dean (132) , that the function of NifS lies only in release of cysteinyl sulfur and proposes that another enzyme is required for assembly of the iron-sulfur cluster from Fe 2+ and S 0 . This view is supported by the in vitro studies of Takahashi et al (110) , who distinguished at least three steps in holoferredoxin biosynthesis in chloroplast extracts: (a) NADPH-dependent mobilization of sulfur from cysteine, (b) mobilization of iron from ferritin, and (c) ATP-dependent cluster formation, and the genetic studies of nitrogenase assembly that indicate that the nifU and nifM gene products are required in addition to NifS for full activation of the Fe protein (19) . NifU and NifM could participate in Fe mobilization (see below) or cluster assembly on the protein. The fact that NifS-and C-DEScatalyzed release of sulfur from cysteine and incorporation into an FeS cluster are not coupled, and the lack of specificity of NifS for various apoprotein substrates, are consistent with the idea that the role of NifS is restricted to provision of activated S 0 . The wide distribution of NifS-like proteins suggests that they may serve a general cellular function for mobilization of sulfur for metallocluster formation.
Iron is stored in the plastid in the form of ferritin, where it is mineralized with phosphate (127) . The abundance of ferritin in the plastid is high in etioplasts and decreases dramatically during plastid development when synthesis of most of the FeS-containing metalloproteins is occurring, suggesting that ferritin is the source of iron for these proteins. The biochemistry of iron mobilization in the plastid is completely unknown; presumably, reduction of Fe 3+ is required. NifU might be a candidate catalyst for this process. Like NifS, NifU is required for the formation of the holoform of the Fe protein (19) . Purified NifU is a homodimer and contains one Fe 2 S 2 center per subunit (31) . Besides the four cysteines required to bind the FeS center, another four cysteines are conserved in the primary sequence and are speculated to function in mobilizing iron for FeS cluster formation. The NifU-like sequence (ssl12667) present in Synechocystis sp. 6803 (which does not fix nitrogen) might be a good candidate for catalyzing iron mobilization during the formation of FeS centers.
Cytochromes c
Owing to the covalent nature of the interaction between the cofactor and the apoprotein, the need for catalysis of holocyt c formation has long been appreciated (114) . Accordingly, the maturation of cytochromes c has been studied for some time, and the factors required for holocytochrome c formation in mitochondria and bacteria are well defined. In fungal and mammalian mitochondria, enzymes called cyt c (or c 1 )/heme lyases are required in the intermembrane space for formation of the thioether linkages between the apoprotein and heme. Two such enzymes have been identified genetically, one specific for holocyt c formation and the other specific for holocyt c 1 formation (22, 23, 135) . These appear to be the only factors required for mitochondrial c-type cytochrome biogenesis in this system. Nevertheless, since the in vitro reaction catalyzed by cyt c and c 1 /heme lyases requires reductants for maintenance of heme in the reduced form (80, 81) , it is possible that additional "general assembly factors" are involved (see below, discussion of bacterial oxidoreductases).
In bacteria, genetic analysis led to the definition of multiple loci whose products are required for the periplasmic assembly of all c-type cytochromes (58, 118) . This pathway is quite distinct from the one discovered in fungal mitochondria and appears to operate in the proteobacteria and also plant mitochondria (12, 38, 100, 101 ). In this system, an ABC-type transporter (HelABCD in Rhodobacter sp. or CcmABCD in E. coli) is required for transport of heme from its site of synthesis to the site of cytochrome assembly, a cyt c/heme lyase (Ccl1 in Rhodobacter sp. or CcmF in E. coli) is required for formation of the thioether linkages, a cyt c-specific thioredoxin (HelX or CcmG) plus a series of thioredoxin-like or protein disulfide isomerase-like molecules that function also in the maturation of many periplasmic proteins (DsbAD, DipZ in E. coli) are required for maintenance and presentation of the substrate thiols to the putative cyt c/heme lyase by sequential oxidation and reduction of substrate thiols (18, 76, 95, 96) . The above cyt-specific assembly components are thought to be associated in a membrane "cytochrome assembly complex." Other components of this complex include CycJ and CycH (corresponding to CcmE and the C-terminal portion of CcmH in E. coli) originally identified in Bradyrhizobium japonicum and Ccl2/CcmH (58, 61, 91, 117) . The same pathway is thought to operate in plant mitochondria because homologues of some of the components have been identified in plant mitochondrial genomes (e.g. HelBC, Ccl1) or in the dbEST (CycJ). However, candidate homologues are not found in the yeast genome, which suggests that the biochemistry of the two pathways is different.
Chloroplasts contain up to two c-type cytochromes (Table 1C, lines 30 &  31) , both with the signature CxxCH heme-binding motif near the N terminus. Cyt c 6 is found only in algae, while cyt f is required in all chloroplasts. Both, proteins are translocated across the thylakoid membrane, and their N-terminal presequences are processed on the lumen-side where assembly with heme occurs (50-52). The order of heme attachment vs processing does not appear to be obligatory (4, 59) , and the sequence may be determined by the rate of the two reactions in vivo. For cyt c 6 , heme attachment succeeds processing in vivo (51), and this is likely for cyt f as well, since processing occurs very rapidly-perhaps even before translation is completed. Certainly, processing is a prerequisite for complete assembly of cyt f because the α-NH2 group of the mature protein serves as one of the two axial ligands to the heme iron (17) .
Holocyt c assembly mutants were identified readily in Chlamydomonas on the basis of a pleiotropic c-type cytochrome deficiency (49), and these were shown by biochemical methods to be blocked at the step of heme attachment (49, 52, 129b). Since cyt c 6 is nucleus encoded and cyt f is plastid encoded, the recognition of the pleiotropic phenotype facilitated a screen for additional assembly mutants that were named ccs strains for c-type cytochrome synthesis (B Dreyfuss & S Merchant, unpublished results; 129b). A minimum of six loci (nuclear CCS1 through CCS5 and plastid ccsA) are required for heme attachment in the chloroplast, and these function independently of genes required for mitochondrial c-cytochrome synthesis. The ccsA gene (formerly ycf5) encodes a hydrophobic protein that probably spans the membrane multiple times. The conserved C-terminal region contains a sequence motif-WGxxWxWDxxEcalled WWD motif, which is present also in Ccl1/CcmF and HelC/CcmC (58, 129a). However, the protein does not appear to be a true homologue of any of the bacterial cytochrome assembly components (see above). Homologues of CcsA are present instead in cyanobacteria, Helicobacter pylori, and gram-positive bacteria (129b). The CCS1 locus also encodes a membraneassociated protein (53a) which is proposed to interact with CcsA in a putative "cytochrome assembly complex" (129b) . As for CcsA, homologues of Ccs1 (formerly Ycf44) are found in cyanobacteria, gram-positive bacteria and other algae (129b, 53a) but not in most proteobacteria or Saccharomyces cerevisiae. In Porphyra purpurea, immediately proximal to ccs1 is found another open reading frame whose product is a candidate homologue of CcdA-a protein required for holocytochrome c synthesis in Bacillus subtilis and present also in other gram-positive bacteria (97) . On the basis of the distribution of CcsA, Ccs1, and CcdA sequences in the databases, it appears that the chloroplast system for c-type cytochrome synthesis is distinct from the well-characterized ones operating in mitochondria or in most proteobacteria (129b) .
The function of CcsA, Ccs1, and CcdA remains a key question. Mutagenesis of conserved residues in CcsA indicates that (a) the protein contains essential histidine residues in the putative trans-membrane segments, and (b) some of the tryptophans and the aspartic acid of the WWD motif are essential (Z Xie, N Yu, B Dreyfuss & S Merchant, unpublished results). However, besides the WWD motif [which is hypothesized to be a heme binding motif (9)], CcsA does not display any similarity to proteins of known function. Thus, the specific biochemical function of CcsA is not known. The essential W and D residues of the WWD motif are predicted to lie in extramembrane segments on the lumen side of the thylakoid membrane, which is not inconsistent with a function for CcsA directly in the lyase reaction or in heme delivery to the putative lyase. The functions of Ccs1 and CcdA are also not predictable from sequence analysis and will have to be deduced by biochemical analysis of the gene products. The ccsA and Ccs1 genes are only weakly expressed at the RNA level (129b, 53a) ; therefore, the proteins are not expected to be abundant. This is not surprising for catalysts of assembly. As noted above, C-DES is 10 2 -to 10 3 -fold less abundant than ferredoxin whose assembly it catalyzes (64) . By considering the functions required for cytochrome biogenesis in the bacterial periplasm (topologically analogous to the thylakoid lumen), the products of the CCS loci are hypothesized to encode heme transport/delivery components, the heme attachment enzyme, and oxidoreductases, which keep the substrates reduced (discussed in 50).
The b Cytochromes
Cytochrome b 559 consists of two subunits, α and β, each of which provides histidine ligands for axial coordination of heme within the membrane (reviewed in 129). Mutation of either one of the histidines results in disruption of heme binding and destabilization of the entire PSII complex (85), which is not surprising considering that cytochrome b 559 is an integral component in this complex and has been proposed to serve as a nucleation site for PSII assembly (reviewed in 129). The pleiotropic assembly-defective phenotype does not facilitate the discrimination of heme insertion defects from defects in other early steps of PSII assembly, while the intersubunit nature of the heme-protein interaction and the hydrophobic properties of the subunits are not conducive to the application of biochemical methods. The study of cytochrome b 559 assembly has, therefore, not received much more attention.
The study of cytochrome b 6 (Table 1C , line 29) assembly faced some of the same barriers. The protein, which spans the membrane four times, binds two hemes (b p and b n on the lumen and stromal side, respectively) by interhelix bis-histidyl ligation (17) . Mutation of any of the four histidines prevents heme binding. Apocytochrome b 6 does not accumulate, nor do the other subunits of the complex (59a). This phenotype is similar to that of petA, petB, or petD mutants, which carry disruptions in the structural genes encoding cytochrome f, cytochrome b 6 , or Subunit IV, respectively, and other b 6 /f assembly mutants, like the ccs strains discussed above (53, 60). However, analysis of cytochrome b 6 synthesis in Chlamydomonas by pulse-radiolabeling techniques allowed Wollman and coworkers to distinguish between holocyt b 6 (which migrated as a broad diffuse band), apocytochrome b 6 (which migrated as a single sharp band), and a b p -dependent biosynthetic intermediate (which was resolved as a doublet of sharp bands) after electrophoretic separation of the products under denaturing conditions. By monitoring the synthesis of these distinct forms of cytochrome b 6 in strains carrying mutations at the b p -or b n -heme-binding sites or in gabaculine-treated wild-type cells, the following pathway was deduced (Scheme 2), where the two hemes are inserted sequentially into the protein. This work further demonstrated that the association of heme(s) with apocytochrome b 6 is independent of its association with other subunits, which allowed putative heme assembly mutants to be distinguished from those affected in some other aspect of cytochrome b 6 /f assembly.
Ccb1-Ccb4 Scheme 2
This phenotype was also used to distinguish b n -heme association defects from a collection of b 6 /f-deficient strains of Chlamydomonas, and genetic analysis indicated that they correspond to four nuclear loci, CCB1-CCB4, which are distinct from the CCS loci discussed above. Curiously, b p -heme association mutants were not found. One possibility is that b p -heme association is uncatalyzed; another is that such mutants might exhibit a pleiotropic cytochrome deficiency and the initial screen used in that work would have bypassed such strains. Since mutants with defects in b-cytochrome assembly have not been recognized in other systems, it is likely that functional analysis of these genes and their products will lead to the discovery of some novel aspects of cofactorprotein assembly. Candidate functions for these loci include cofactor chaperoning/delivery/transport, apoprotein processing (e.g. a membrane protein prolyl cis-trans isomerase), or catalysis of the unusually tight cofactor-protein association.
Manganese Center of PSII
The Mn cluster is a complex structure containing four manganese in various oxidation states, calcium, and chloride (Table 1B, line 27 ). The D1 protein and to a lesser extent the D2 protein of PSII provide most of the ligands for the cluster. Although the chemical structure of the cluster is not yet known, studies of cluster formation have been ongoing for almost three decades, owing to the interesting autocatalytic process of assembly called photoactivation (reviewed in 20). In brief, the steps of assembly, which occur on the lumen side after assembly of the reaction center polypeptides, ions that must also be oxidized to yield a stable Mn 4 cluster. Ca 2+ and chloride ions are required for functional assembly of the Mn 4 complex, but the chemical sequence and roles are not understood precisely, particularly owing to the absence of a final structural model.
Biochemical characterization of D1 synthesis in Scenedesmus obliquus indicated that the protein was synthesized in precursor form, inserted into the thylakoid membrane, and processed with a half-time of under 2 min to yield the mature 34-kDa form of the protein (21) . When processing is blocked, as in the LF1 mutant of Scenedesmus or by directed mutagenesis of the processing site (82) , D1 integrates into the thylakoid membrane, but a stable Mn 4 cluster cannot be formed. The protease has been purified (or partially purified) from various sources including cyanobacteria, algae, and plants, and was cloned recently from Scenedesmus (120) . The gene (ctpA) was identified also in Synechocystis sp. 6803 on the basis of its ability to complement mutant strain (SK18), which displayed a phenotype similar to that of Scenedesmus LF1 (103) . Reverse genetics confirmed that CtpA is required for processing of D1 (3), and hence for assembly of the Mn 4 cluster.
It is likely that further exploitation of genetic approaches will lead to the identification of additional factors required for specific steps in metallocenter assembly in PSII. Indeed, a manganese transporter, required (under certain conditions) for Mn uptake by cyanobacteria, was identified on the basis of a Mn 4 cluster deficiency in the BP13 strain that carries a mutation in one subunit (MntA) of this ABC-type transporter encoded by mntCAB (6) . Although the Mn transporter identified in that work was found to be a plasma membrane rather than a thylakoid membrane transporter, the same approach could be applied to identify manganese-metabolizing components required for cluster assembly in the lumen. However, it is possible that manganese is transported via a broad specificity metal transporter (as is the case for Ni transport in Bradyrhizobium japonicum), which could complicate the genetic screen.
Plastocyanin
Studies of plastocyanin synthesis in vivo and in organello established that the import and processing of plastocyanin occur independently of copper (73) . Copper-protein assembly is a near-terminal step in the biosynthetic pathway and occurs in the thylakoid lumen after proteolytic processing by the thylakoid peptidase (43, 67). The fact that metal incorporation into plastocyanin is much more selective in vivo than in vitro (46) suggests that some aspect of metal metabolism is catalyzed in vivo. Genetic analysis of plastocyanin biosynthesis in Chlamydomonas revealed only one trans-acting locus, called PCY2, whose function is required in the thylakoid lumen and is specific for holoplastocyanin formation (66) .
Strain pcy2-1 exhibits a weak nonphotosynthetic phenotype in copper-supplemented, but not copper-deficient, medium (when plastocyanin function is not essential for photosynthesis), which is attributed to accumulation of apoplastocyanin in the thylakoid lumen at the expense of holoplastocyanin. Curiously, apoplastocyanin accumulates in copper-supplemented pcy2-1 cells, whereas apoplastocyanin created by copper deficiency is normally degraded rapidly (66, 73) . Since the locus has not been cloned, the function of Pcy2 can only be speculated upon. By analogy to functions required for copper insertion into tyrosinase, nitrous oxide reductase and cytochrome oxidase (14, 36, 136) , one might predict that Pcy2 is a copper or apoprotein chaperone in the thylakoid lumen, or perhaps a component of a trans-thylakoid membrane copper transporter. Recently, a gene with significant similarity (52%) to CutA (involved in copper tolerance in E. coli) was identified in the Arabidopsis genome. The 152-codon open reading frame includes an N-terminal putative transit peptide, which suggests that the protein might be localized to the chloroplast (K Keegstra, personal communication). However, the gene has not been characterized with respect to expression or localization of its product; its role in chloroplast copper metabolism therefore remains hypothetical.
CONCLUSIONS AND FUTURE PROSPECTS
With the complete genome sequence of so many organisms already available in the databases, and with several more expected in the next few years, many components required for the assembly of chloroplast metalloproteins might be identified on the basis of sequence relationships with well-characterized proteins from other systems. NifS and CcdA, discussed above, are good examples of assembly factors that were recognized by this approach. Demonstration of function for a candidate gene of interest will require parallel biochemical approaches, where the activity of the expressed protein is assessed in a reconstituted in vitro system, and reverse genetic approaches, where the phenotype of a "knock out" can be studied in the context of the pathway of interest. The latter approach has received considerably more attention relative to the former, but ultimately, functional analysis of specific gene products depends also on the dissection of mechanism, structure, and activity in vitro.
For the discovery of novel (unanticipated) biochemical functions, the traditional methods of mutant identification and phenotypic characterization have enormous potential. This is exemplified by the ccb mutants of Chlamydomonas that are affected in a process that has not been studied in any organism. The biochemical functions of the CCB loci are not likely to be identified immediately by genome analysis. It is also possible that the mechanisms operating for certain metalloprotein assembly processes in the chloroplast might be distinct from those studied in other systems-as noted already for the novel CCS loci required for chloroplast c-type cytochrome maturation.
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